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Statement of Problem Studied

Quantum information and computation form one of the main current scientific and
technological challenges. Proposals exist for avariety of physical systemsand initial
results have already been obtained. However, the practical implementation of scalable
guantum computation requires coherent manipulation of alarge number of coupled
guantum systems. Thisis an extremely difficult task that is believed to be well beyond
the possibilities offered by any presently known technologies. We propose to address this
outstanding problem by developing a set of novel techniques that could potentially
facilitate implementation of scalable quantum processing.

Two strong areas studying quantum information and computation are quantum optics and
mesoscopic electronics. The key idea of the present project isto combine the conceptual
advantages of well-developed quantum optical approaches with the immense
technological capabilities associated with solid-state mesoscopic systems. To thisend a
team is formed for this proposal with theoretical and experimental physicists from both
areas with close support from the computer science community.

The building blocks for this proposal are quantum dot devices. Quantum dots are ultra-
small, solid state transistors with quantum mechanical properties. The technological state-
of-the-art of quantum dot devices presently includes. well-defined and controlled
guantum eigenstates (anal ogous to atomic orbitals); controlled superposition of
eigenstates of coupled quantum dots; inclusion of quantum dots in an interference-ring
structure to demonstrate coherence; and a control over both the charge aswell asthe spin
properties of electrons confined to quantum dots. An important advantage for the use of
guantum dots as building blocks for a quantum circuit is that its technology is based on
the successful silicon-based chip technology. One can even envision an optimized on-
chip circuit consisting of silicon transistors and coherently coupled quantum dots.

We here propose to develop theoretically and probe experimentally new techniques that
allow for @) strong, coherent and potentially scalable coupling between quantum dots
separated by distances much larger than the dot size using capacitive coupling as well as
on-chip waveguides; b) coherent communication of quantum information between the
dots on the chip via electron exchange and ballistic transport. The principal goal of the
proposed research is to determine to what extent these potentially scalable systems can
be built and probed under realistic experimental conditions.
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Summary of most important results
Scientific Progress and Accomplishment

We have identified and analyzed the effects of nuclear spins as one of the main
decoherence mechanisms for electron spin qubits. We have suggested and analyzed
several techniques to greatly improve these coherence properties by means of quantum
bit manipulation. Specifically, we show that electronic spin coherence can be reversibly
mapped onto the collective state of the surrounding nuclei. The coherent transfer can be
efficient and fast and it can be used, when combined with standard resonance techniques,
to reversibly store coherent superpositions on the time scale of seconds. This method can
also allow for “engineering” entangled states of nuclear ensembles and efficiently

mani pulating the stored states. We investigated the feasibility of this method through a
detailed analysis of the coherence properties of the system

We developed a unified description of cooling and manipulation of a mesoscopic bath of
nuclear spins via coupling to a single quantum system of electronic spin (quantum bit).
We showed that when cooling is accomplished via coupling to quantum bit degrees of
freedom, the bath rapidly saturates and ends in special, non-thermal states of a nuclear
ensemble. Although such states of the spin bath (“dark states’) generally have avery low
degree of polarization and purity, their symmetry properties make them avaluable
resource for coherent manipulation of quantum bits. Specifically, we showed that the
dark states of nuclear ensembles can be used to dramatically suppress decoherence and to
provide arobust, long-lived quantum memory for qubit states.

We proposed an el ectrodynamic mechanism for coherent, quantum mechanical coupling
between spacialy separated quantum dots on a microchip. The technigue is based on
capacitive interactions between the el ectron charge and a superconducting transmission
line resonator, and is closely related to cavity quantum electrodynamics. We investigated
several potential applications of this technique which have varying degrees of
complexity. In particular, we demonstrated that this mechanism allows design and
investigation of an on-chip double-dot microscopic maser. Moreover, the interaction may
be extended to couple spatially separated electron spin states while only virtually
populating fast-decaying superpositions of charge state. This represents an effective,
controllable long-range interaction, which may facilitate implementation of quantum
information processing with electron spin qubits, and potentially allow coupling to other
guantum systems such as atomic or superconducting qubits.

We proposed a technique that enables a strong, coherent coupling between isolated
neutral atoms and mesoscopic conductors. The coupling is achieved by exciting atoms
trapped above the surface of a superconducting transmission line into Rydberg states with
large electric dipole moments that induce voltage fluctuations in the transmission line.
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Using a mechanism analogous to cavity quantum electrodynamics, an atomic state can be
transferred to along-lived mode of the fluctuating voltage; atoms separated by
millimeters can be entagled; or the quantum state of a solid state device can be mapped
onto atomic or photonic states.

We have demonstrated the detection of non-symmetrized current fluctuations at high-
frequency (5-90 GHz) using a superconductor-insul ator-superconductor tunnel junction.
By coupling this noise detector on-chip to a quantum device, we measured high-
frequency noise as demonstrated for a Josephson junction. This scheme is then used to
detect the current fluctuations arising from coherent charge oscillations in two-level
systems. The detection of frequency-resolved quantum noise is demonstrated for the
superconducting charge qubit. A narrow band peak isfound in the spectral noise density
at the frequency of the coherent charge oscillations.

We have fabricated circuits of double quantum dot (DQD) devicesin aconfiguration
where one DQD is coupled capacitively to a second DQD. Each DQD can be separately
tuned and separately measured, aso independent of the properties of the other DQD. The
two DQD’ s are strongly coupled and, strictly speaking, they can not be treated as
independent quantum systems. This integrated quantum system will be used for
transferring quantum states from the left to the right. Currently, experiments have been
performed where one side has been current biased, thereby inducing non-equilibrium
current fluctuations. The effect of these fluctuations on the other side has been measured.
The advantage of this setup is that the near vicinity of the two devices allows for coupling
with avery high frequency bandwidth (~1 THz). The results, so far, demonstrate orbital
excitations on the right-side quantum dots as a result of high frequency fluctuations on
the left side.

We have demonstrated the non-invasive measurement of a double quantum-dot system
that allows the hybridization of states between the two dots, due to tunneling to be read
out quantitatively, using non-invasive capacitive sensors. Thiswork also develops the
theory of charge sensing of atwo-level system, and compares theory and experiment.
Excellent agreement between theory and experiment was obtained, allowing the
tunneling rate to be extracted from the fit. It is worth noting that this technique for
measuring tunneling represents the state of the art for measuring the tunneling ratein a
double dot. The previously established method is considerably less accurate and more
difficult.

We proposed and analyzed a technique for quantum information processing based on
localized ensembles of nuclear spins. A qubit isidentified as the presence or absence of a
collective excitation of a mesoscopic ensemble of nuclear spins surrounding asingle
guantum dot. All single and two-qubit operations can be effected using hyperfine
interactions and single-electron spin rotations, hence the proposed scheme avoids gate
errors arising from entanglement between spin and orbital degrees of freedom. Ultra-long
coherence times of nuclear spins suggest that this scheme could be particularly well
suited for applications where long lived memory is essential.
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We demonstrated experimentally an electrical single-shot measurement of single electron
spin in gate-controlled a quantum dot. Spin to charge conversion has been used to
accomplish thisgoal.

We demonstrated electron spin rotations induced by nuclear spinsin asingle electron
gate controlled quantum dot. We showed that theses spin flips can be enhanced or
suppressed by tuning appropriate external magnetic field. The experimental resultsarein
excellent agreement with theoretical predictions. Using an isolated GaAs double quantum
dot defined by electrostatic gates and direct time domain measurements, we investigated
in detail spin relaxation for arbitrary splitting of spin states. Here we showed that electron
spin flips are dominated by nuclear interactions and are slowed by several orders of
magnitude when a magnetic field of afew millitedais applied. These results have
significant implications for spin-based information processing’?.[Nature, 435, 7044
(2005]

We demonstrated coherent control of a quantum two-level system based on two-€lectron
spin states in a double guantum dot allowing state preparation, coherent manipulation,
and projective read-out. These techniques are based on rapid electrical control of the
exchange interaction. Separating and later recombining a singlet spin state provided a
measurement of the spin dephasing time, T, ~ 10 ns, limited by hyperfine interactions
with the GaAshost nuclei. Rabi oscillations of two-electron spin states were
demonstrated, and spin-echo pulse sequences were used to suppress hyperfine-induced
dephasing. Using these quantum control techniques, a coherence time for two-electron
spin states exceeding 1 pswas observed. [Science, in press; Online Science Express
published Sept. 1, 2005]

We showed how realistic charge manipulation and measurement techniques, combined
with the exchange interaction, allowed for the robust generation and purification of four-
particle spin entangled states in electrically controlled semiconductor quantum dots. The
generated states were immunized to the dominant sourcesof noise via a dynamical
decoherence-free subspace; all additional errorswere corrected by a purification protocol.
This approach may find application in quantum computation, communication, and
metrology. [Phys.Rev.Letters, 94, 236803 (2005)]

We developed an architecture for quantum computation using electrically controlled
semiconductor spins by extending the L oss--DiVincenzo scenario and by combining an
actively protected quantum memory, long-distance coupling mechanisms, and modular
control circuitry. Our approach was based on a recently demonstrated encoding of qubits
in long-lived two-€electron states, which immunizes from the outset against the dominant
error from hyperfine interactions. We developed a universal set of quantum gates
compatible with active error suppression for these encoded qubits. To circumvent the
unfavorable error thresholds for systems with only nearest neighbor interactions, we
described an effective long range interaction between the qubits by controlled electron
transport. This approach yielded a scalable architecture with realistic error thresholds for
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fault tolerant operation, consistent with present experimental parameters. [submitted to
Nature Physics(2005)]

We described a novel method for precise estimation of the nuclear spin polarization of a
guantum dot via manipulation and measurement of a single electron spin trapped within
the dot. Our approach required a minimal number of electron spin measurements for a
given precision. We considered applications such as reducing the el ectron spin dephasing
due to nuclei and increasing the fidelity of nuclear-spin-based memory, and discussed the
performance under realistic conditions.[quant-ph/0508144 (2005)]

Listing of all publications and technical reports supported
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